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METHOD FOR FORMING OPTICAL WAVEGUIDE AND OPTICAL WAVEGUIDE 

BACKGROUND OF THE INVENTION 

[01 J Priority is claimed under 35 U.S.C. § 1 19 to Japanese Patent application No. 
2003-194274 filed July 9, 2003, which is incorporated herein by reference. 
[02] Field of the Invention 

[03] The present invention relates to a method for forming an optical waveguide in a 
transparent material such as a pure silica glass by focused femtosecond laser pulses. Also, 
the present invention relates to an optical waveguide which is formed according to the above 
method. 

[04] Description of Related Art 

[05] According to a method for forming an optical waveguide by focused femtosecond 
laser pulses, there is a phenomenon in which a refractive index increases near a focal point 
when high intensity femtosecond laser pulses are focused in various transparent materials 
such as a pure silica glass. By utilizing such a phenomenon, it is possible to form a 
refractive index change and a linear shape of refractive index increase region such as an 
optical waveguide by focused femtosecond laser pulses in a transparent material and scanning 
femtosecond laser pulses or the transparent material (See Japanese Unexamined Patent 
Application, First Publication No Hei 9-3 1 1237). 

[06] When forming such an optical waveguide according to this forming method, the 
induced refractive index distribution to be changed is determined according to various 
process conditions such as "average output power", "pulse width", "repetition rate", " center 
wavelength" in femtosecond laser pulses which are focused, and other process conditions 
such as a numerical aperture of a microscope objective for focusing femtosecond laser pulses 
and a scanning speed of a precision stage. 
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[07] Japanese Unexamined Patent Application, First Publication No 2001-350049, 
discloses that it is possible to change the refractive index distribution to be changed in an 
optical waveguide gradually by changing an average output power of femtosecond laser 
pulses which are focused so as to be synchronized with a movement of a precision stage on 
which a pure silica glass is mounted. As a result, it is possible to change a mode field 
diameter of an optical waveguide along with the average output power of femtosecond laser 
pulses which are changed. It is also possible to reduce a connection loss between an optical 
waveguide and an optical fiber. 

[08] Here, the intensity of the femtosecond laser pulses are not necessarily distributed 
circular at the focal point when femtosecond laser pulses are focused because of an influence 
of aberrations by a microscope objective. It is understood that a shape of refractive index 
increase region, which is induced, changes because of an intensity distribution of 
femtosecond laser pulses at the focal point. That is, it is understood that the refractive index 
distribution is not adequate when the intensity distribution of femtosecond laser pulses at the 
focal point does not become circular; thus the mode field of a guided light in an optical 
waveguide does not become circular. 

[09] Also, it is necessary to connect the optical waveguide. Usually, a refractive index 

distribution in an optical components such as an optical fiber is circular. Therefore, there is 

a problem in that a connection loss increases and a polarization mode dispersion and a 

polarization dependent loss increase unless a mode field in an optical waveguide is circular. 

[10] Furthermore, it is necessary that a mode field diameter of an optical waveguide and a 

mode field diameter of optical components, such as an optical fiber, are the same as each 

other or close to each other when an optical waveguide is connected to optical components 

such as an optical fiber. There is a problem in that a connection loss increases if a difference 

of the mode field diameter is large between them. It is possible to control the mode field 
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diameter in an optical waveguide by changing an average output power of femtosecond laser 
pulses when an optical waveguide is formed by focused femtosecond laser pulses. It is 
reported, in a document " The Review of Laser Engineering, Miura et al., February Issue, 
pages 1 50 to 1 54 M , that a mode field diameter increases when an average output power of 
femtosecond laser pulses increases. 

[11] To obtain an optical waveguide having a 7 \im of mode field diameter, which is a 
mode field diameter commonly used for a single mode fiber, by focusing femtosecond laser 
pulses, it is necessary to increase an average output power of femtosecond laser pulses. 
[12] However, when an optical waveguide is formed by increasing an average output 
power of femtosecond laser pulses, the mode field does not become circular. That is, the 
mode field becomes elliptical which expands in a direction in which femtosecond laser pulses 
are focused. Thus, there is above problem. 

[13] An object of the present invention is to control a mode field diameter of an optical 
waveguide when an optical waveguide is formed in a transparent material by focused 
femtosecond laser pulses. Also, other object of the present invention is to control an aspect 
ratio of a mode field diameter. Yet, other object of the present invention is to control both a 
mode field diameter and the aspect ratio of the mode field diameter. Also, an object of the 
present invention is to form a mode field in a range of 10 to 14 jim and an aspect ratio is in a 
range of 0.9 to 1 . 1 by controlling such process conditions 

SUMMARY OF THE INVENTION 
[14] In order to solve the above problems, a method for forming an optical waveguide 
according to the present invention includes the steps of focusing femtosecond laser pulses in 
a pure silica glass to induce a refractive index increase region, changing a pulse width of 



femtosecond laser pulses, and controlling a mode field diameter of a guided light in the 
optical waveguide. 

[15] Also, a method for forming an optical waveguide according to the present invention is 
characterized in that the pulse width of femtosecond laser pulses is not greater than 420 fs. 
[16] Also, a method for forming an optical waveguide according to the present invention is 
characterized in that the pulse width of femtosecond laser pulses is in a range of 210 to 420 

fs. 

[17( Also, a method for forming an optical waveguide according to the present invention 
includes the steps of focusing femtosecond laser pulses in a pure silica glass to induce a 
refractive index increase region, changing a peak power of femtosecond laser pulses at the 
focal point, and controlling an aspect ratio of a mode field diameter of a guided light in the 
optical waveguide. 

[18] Also, a method for forming an optical waveguide according to the present invention is 
characterized in that the peak power of femtosecond laser pulses at the focal point is not 
greater than 8.7 x 10 11 W/cm 2 . 

[19] Also, a method for forming an optical waveguide according to the present invention 
includes the steps of focusing femtosecond laser pulse in a pure silica glass to induce a 
refractive index increase region, changing a pulse width of femtosecond laser pulse, changing 
a peak power of femtosecond laser pulse at the focal point, and controlling an aspect ratio of 
a mode field diameter of a guided light in the optical waveguide. 

[20] Also, a method for forming an optical waveguide according to the present invention is 
characterized in that the pulse width of femtosecond laser pulse is not greater than 490 fs, and 
the peak power of femtosecond laser pulse at the focal point is not greater than 8.7 x 10 11 

W/cm 2 . 
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[21J Also, a method for forming an optical waveguide according to the present invention is 
characterized in that the pulse width of femtosecond laser pulse are greater than 420 fs, and 
the peak power of femtosecond laser pulse at the focal point is not greater than 8.7 * 10 n 
W/cm 2 . 

[22] Also, a method for forming an optical waveguide according to the present invention is 
characterized in that the pulse width of femtosecond laser pulse is in a range of 210 to 420 fs, 
and the peak power of femtosecond laser pulse at the focal point is not greater than 8.7 * I0 11 
W/cm 2 . 

[23] Also, the present invention is characterized in that an optical waveguide is formed 
according to the above methods. 

[24] Also, the present invention is characterized in that an optical waveguide is formed 
according to the above method, and a mode field diameter of the optical waveguide is 10 to 
14 |im, and an aspect ratio of the mode field diameter is in a range of 0.9 to LI. 
[25] According to a method of the present invention for forming an optical waveguide, it is 
possible to change a pulse width of the femtosecond laser pulse and control a mode field 
diameter of an optical waveguide which is formed. 

[26] Also, it is possible to change a peak power of the femtosecond laser pulse at the focal 
point and control an aspect ratio of a mode field diameter of an optical waveguide which is 
formed. 

[27] Furthermore, it is possible to change a pulse width of the femtosecond laser pulse and 

a peak power at the focal point simultaneously and control a mode field diameter of an 

optical wave guide, which is formed and an aspect ratio of an optical waveguide. 

[28] Also, according to an optical waveguide of the present invention, it is possible to form 

an optical waveguide in which either one or a both of a mode field diameter of an optical 

waveguide and an aspect ratio of the mode field diameter are controlled. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[29] FIG. 1 is a view for an example of a general structure of a process machine which is 
used for a method for manufacturing an optical waveguide according to the present invention. 
[30] FIG. 2 is a view of an embodiment of the present invention. 
[31] FIG. 3 is a view of another embodiment of the present invention. 
[32] FIG. 4 is a view of another embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
[33] A method for forming an optical waveguide according to the present invention is 
explained with reference to three embodiments as follows. 
[34] First Embodiment 

[35] FIG. 1 shows an example for a processing machine by which a first embodiment of a 
method for forming an optical waveguide according to the present invention is performed. 
In the drawing, reference number 1 indicates a light source comprising femtosecond laser 
pulses. The light source comprising femtosecond laser pulses 1 oscillates femtosecond laser 
pulses having an 800 nm center wavelength, a 200 kHz repetition rate, and a 150 to 600 fs 
pulse width. 

[36] The output power of the femtosecond laser pulses which are irradiated from the light 
source comprising femtosecond laser pulses 1 is attenuated and adjusted via a neutral density 
filter (hereinafter called as an ND filter) 2. After the pulses pass through ND filter 2, the 
femtosecond laser pulses 1 are reflected on a mirror 3 and sent to a condenser 4. 
[37] The condenser 4 is a convex lens. Femtosecond laser pulses which are incident to 
the condenser 4 are focused here and irradiated to be incident to a pure silica glass plate 5. 
The pure silica glass plate 5 is fixed on a three-dimensional precision stage 6 such that the 
pure silica glass plate 5 can move in an X direction, Y direction, and Z direction. 
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[38] Also, reference number 7 in the drawing indicates a video camera such as a CCD 
camera. The video camera 7 receives and takes a picture of the white light which is 
generated at the focal point in the pure silica glass plate 5 via the mirror 3 when femtosecond 
laser pulses are focused in the pure silica glass plate 5 so as to monitor a reaction status at the 
focal point. 

[39] When femtosecond laser pulses are focused in the pure silica glass plate 5 by using a 
processing machine shown in FIG. 1, a mode field diameter of an optical waveguide, which is 
formed in this embodiment, is controlled by changing the pulse width of the femtosecond 
laser pulses in the first embodiment. 

[40] According to a method for changing the pulse width of the femtosecond laser pulses, 
a pulse width is broadened before being narrowed by using a grating in a process for 
regenerative amplified femtosecond laser pulses in the light source comprising femtosecond 
laser pulses 1. In such a case, it is possible to change the pulse width by changing an angle 
and position of the grating to be used. 

[41] Also, it is possible to change the pulse width by introducing femtosecond laser pulses 
which are regeneratively amplified to a pair of prisms which are formed by a plurality of 
prisms and combining a group delay dispersion which is generated by an angle dispersion 
between the prisms and a group delay dispersion in the prisms (See the document "The 
Review of Laser Engineering," Miura et al., February Issue, pages 150 to 154 (1998)). 
[42] In such a way, it is possible to change a mode field diameter of an optical waveguide 
which is formed in a pure silica glass 5 by changing a pulse width of femtosecond laser 
pulses which are focused in the pure silica glass plate 5 as shown in examples which are 
explained later. 

[43] In the present invention, the mode field of the optical waveguide is measured as 

follows. First, a light at the wavelength of 1550 nm is introduced to an optical waveguide 
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which is formed in a transparent material such as a pure silica glass plate 5. Next, a 
near-field pattern of guided light is measured by a CCD camera. When an intensity of a 
light in the obtained near-field pattern is 1/e, such a width becomes a mode field diameter. 
[44] In addition, when the pulse width of femtosecond laser pulses are changed in a range 
of 210 to 560 fs, for example, a mode field diameter of the obtained optical waveguide 
changes in a range of 6 to 14 jam, and the mode field diameter of the obtained optical 
waveguide becomes maximum near a 320 fs pulse width. The mode field diameter changes 
slightly according to other parameters such as a repetition rate of femtosecond laser pulses, 
an average output power, and a center wavelength. Although, even if these parameters 
change, similar tendencies are indicated. 

[45] Also, if the pulse width is in a range of 210 to 490 fs, it is possible to control the mode 

field diameter in a range of 8 to 14 jam. Furthermore, if the pulse width is in a range of 210 

to 420 fs, it is possible to control the mode field diameter in a range of 10 to 14 |nm. 

[46] According to the first embodiment, it is possible to control a mode field diameter of 

an optical waveguide which is formed in a pure silica glass plate 5 at a desirable diameter by 

using focused femtosecond laser pulses. For example, it is possible to adapt the mode field 

diameter of the optical waveguide to a mode field diameter of a single mode fiber when the 

optical waveguide is connected to a single mode fiber; thus, it is possible to reduce the 

connection loss 

[47] Second Embodiment 

[48] In a second embodiment, for example, an aspect ratio of a mode field diameter of an 
optical waveguide which is obtained is controlled by changing a peak power at the focal point 
of femtosecond laser pulses when femtosecond laser pulses are focused in a pure silica glass 
plate 5 by using a processing machine shown in FIG. 1. 



-8- 



[49] It is possible to change the peak power at the focal point by changing an average 
output power of femtosecond laser pulses which are incident to a condenser 4. It is possible 
to change the average output power by selectively using an ND filter 2 according to its 
transmission ratio. It is also possible to change the average output by changing an output 
power of the femtosecond laser pulses in light source 1. 

[50] A peak power of femtosecond laser pulses at the focal point can be calculated with the 
following equations El to E3. 

[51] Diameter (m) of focal point = Difference between femtosecond laser pulses and a 
Gaussian distribution in a light intensity distribution * wavelength (m) neutral aperture of 
the condenser it ...(El). 

[52] Peak power (W) of femtosecond laser pulses just after the condenser = average output 
power (W) of femtosecond laser pulses after the condenser + repetition rate (Hz) pulse 
width (s)...(E2). 

[53] Peak power (W/m 2 ) at the focal point = peak power (W) of femtosecond laser pulses 
just after the condenser focal point area (m 2 ) . . (E3). 

[54] According to equation El, the difference between femtosecond laser pulses and a 
Gaussian distribution in a light intensity distribution can be calculated by measuring an 
optical intensity of femtosecond laser pulses before femtosecond laser pulses are focused. 
According to equation E2, average output power of femtosecond laser pulses after the 
condenser can be determined by measuring the average output power with a power meter 
after femtosecond laser pulses are focused. 

[55] The rest of parameters can be determined by factors such as specification in a 
processing machine, which is used in the present embodiment. 

[56] As understood according to the examples which are explained later, the peak power of 

femtosecond laser pulses decreases at the focal point, an aspect ratio of the mode field 
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diameter of an optical waveguide which is obtained, decreases accordingly so as to approach 
1 (one). The aspect ratio of the mode field diameter becomes 1 (one) when the peak power 
is not greater than 8.7 x 10 n W/cm 2 , thus, the mode field is formed in a circular shape. Also, 
if the peak power is not smaller than 8.7 x 10 11 W/cm 2 , the aspect ratio is greater than 1 
(one), thus, the mode field is formed in an elliptical shape. 

[57| A mode field of an optical waveguide can be determined as follows. First, a light is 
introduced to an optical waveguide, which is formed in a transparent material such as a pure 
silica glass plate 5. Next, a near-field pattern of guided light is measured with a CCD 
camera. When an intensity of a light in the obtained near-field pattern becomes 1/e, such a 
width becomes a mode field diameter. 

[58 1 Consequently, under the condition that a direction in which femtosecond laser pulses 
are incident is a "height direction" of an optical waveguide, and a direction orthogonal to the 
height direction is a "width direction", a "mode field diameter in the height direction" and a 
"mode field diameter in the width direction" are determined according to a near-field pattern 
in the " height direction" and "width direction". In addition, a ratio of the "mode field 
diameter in the height direction" and the "mode field diameter in the width direction" is 
defined as an aspect ratio of the mode field diameter. 

[59] Therefore, when the aspect ratio is 1 (one), a mode field is formed in a circular shape. 
When the aspect ratio is greater than 1 (one), a mode field is formed in an elliptical shape. 
[60] According to a method for forming an optical waveguide according to the second 
embodiment, it is possible to control a shape of a mode field of an optical waveguide, which 
is obtained such as an aspect ratio of the mode field diameter by changing the peak power of 
femtosecond laser pulses at the focal point; thus, it is possible to form the mode field 
diameter selectively in a circular shape and an elliptical shape. 
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[61] Furthermore, it is possible to form a circular mode field when the peak power is not 
greater than 7 x 10 n W/cm 2 , and it is possible to form an elliptical mode field when the peak 
power is greater than 7 x 10 11 W/cm 2 . 

[62] Therefore, when an aspect ratio of the mode field diameter of an optical waveguide 
which is obtained is set to be 1 (one), it is possible to reduce the connection loss by forming a 
mode field in a circular shape because a shape of a mode field in an ordinary optical fiber is 
circular. Also, it is possible to form an optical waveguide having a circular mode field; thus, 
it is possible to reduce a polarization mode dispersion and a polarization dependent loss in 
such an optical waveguide. 
[63] Third Embodiment 

[64] According to a third embodiment, for example, when an optical waveguide is formed 
by focusing femtosecond laser pulses to a transparent material, such as a pure silica glass 
plate 5, by using a processing machine shown in FIG. 1, a pulse width of the femtosecond 
laser pulses are changed and a peak power at the focal point is also changed. By doing this, 
it is possible to change a mode field diameter of an optical waveguide, and simultaneously, to 
change an aspect ratio of the mode field diameter. 

[65] More specifically, if is preferable that the pulse widths of the femtosecond laser pulses 
are not greater than 490 fs and the peak power is not greater than 8 7*1 0 U W/cm 2 . By 
setting the above conditions, it is possible to form an optical waveguide having an 8 to 14 ^m 
mode field diameter. More preferably, it is preferable that the pulse width of femtosecond 
laser pulses are not greater than 420 fs. By setting the above conditions, it is possible to 
form an optical waveguide having a 10 to 14 jim mode field diameter. More preferably, it is 
preferable that the pulse widths of the femtosecond laser pulses are not greater than 420 fs 
and a peak power is not greater than 8.7 x 10 11 W/cm 2 . By setting the above conditions, it is 
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possible to form an optical waveguide having a 10 to 14 jam mode field diameter, such that 
the mode field diameter has 1 (one) aspect ratio. 

[66| An optical waveguide according to the present invention is formed according to any 
one of three embodiments which relate to the above method for forming an optical waveguide. 
Therefore, in such an optical waveguide, it is possible to adjust a mode field diameter, to 
adjust an aspect ratio of the mode field diameter or a mode field diameter and an aspect ratio 
of the mode field diameter for the suitable value of required specification. In particular, 
when an optical waveguide is supposed to be connected with an ordinary single mode fiber, it 
is possible to form an optical waveguide having a 10 to 14 |nm mode field diameter with 1 
(one) aspect ratio; thus, it is possible to reduce a connection loss with the single mode fiber so 
that it is not greater than 0.3 dB. 

[67] Also, it is possible to form optical components such as planar light wave circuit 
devices, like an optical switch in which an optical waveguide is formed having an aspect ratio 
of a mode field diameter 1 (one) and circular shaped mode field; therefore, the polarization 
mode dispersion and polarization dependent loss are low. For example, the polarization 
dependent loss is not greater than 0.5 dB. 

[68] Hereinafter, examples of the present invention are shown as follows. 
[69] Example 1 

[70] A processing machine shown in FIG. 1 is used, and femtosecond laser pulses having a 
800 nm center wavelength and a 200 kHz repetition rate is oscillated by a light source of 
femtosecond laser pulses 1 . A pulse width of the oscillated femtosecond laser pulses is 
changed in a range of 210 to 560 fs and is incident to a condenser 4 having a 0.5 numerical 
aperture. Oscillated femtosecond laser pulses are condensed and here and are incident to 
from a surface of a pure silica glass plate 5 having 1 mm thickness to 30 jim depth from the 
surface. 
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[71] A three-dimensional precision stage 6 on which a pure silica glass plate 5 is mounted 
is moved in the X direction at 30 fim/s. By doing this, the position of a focal point is moved 
relatively; thus, an optical waveguide having a 25 mm length is formed. 
[72 J A light at the wavelength of 1550 nm is introduced to an optical waveguide which is 
formed. A near-field pattern of guided light is measured by a CCD camera. A mode field 
diameter is calculated from the measured near field pattern. 

[73J In FIG. 2, a relationship between the pulse width and a mode field diameter is shown 
under condition that a mode field diameter changes according to a change in the pulse width. 
[74] Also, single mode fiber having a 12(im mode field at 1.5 is connected to input and 
output ports of the optical waveguide. A connection loss is measured under this condition. 
[75] A result is shown as a relationship between a pulse width and a connection loss in a 
TABLE 1 



TAB 


LE 1 


Pulse Width 

(fs) 


Connection 
Loss (dB) 


210 


0.26 


280 


0.26 


350 


0.28 


420 


0.26 


490 


0.33 


560 


0.68 



[76] According to results shown in TABLE 1 and FIG. 2, it is understood that it is possible 
to form a mode field diameter in a range of 10 to 14 |im by forming a pulse width of 
femtosecond laser pulses in a range of 210 to 420 fs; thus, it is possible to reduce the 
connection loss so that it is not greater than 0.3 dB. 
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[77] Example 2 

[78] A processing machine shown in FIG. 1 is used, and femtosecond laser pulses having a 
800 nm center wavelength and a 200 kHz repetition rate is oscillated by a light source 
comprising femtosecond laser pulses 1 . ND filters 2 having various transmission rate are 
inserted in an optical path of a femtosecond laser light so as to attenuate an average output of 
the light source comprising femtosecond laser pulses. The attenuated femtosecond laser 
pulses are incident to a condenser 4 having a 0.5 numerical aperture. The oscillated 
femtosecond laser pulses are focused here and are incident to from a surface of a pure silica 
glass plate 5 having a 1 mm thickness to a 30 |im depth from the surface. 
[79] A three-dimensional precision stage 6, on which a pure silica glass plate 5 is mounted, 
is moved in the X direction at 30 jim/s. By doing this, the position of a focal point is 
relatively moved; thus, an optical waveguide having a 25 mm length is formed. 
[80] Also, an average output power of femtosecond laser pulses after the condenser 4 is 
measured by a power meter. An average output power of femtosecond laser pulses are 
shown in FIG. 2. 



TABLE 2 



Average Output Power 
(mW) before A 
Condenser 


Average Output Power 
(mW) after A 
Condenser 


Peak Power (W/cm 2 ) at 
a Focal Point 


800 


131 


8.7 x 10 12 


635 


104 


6.9 x 10 12 


400 


66 


4.4 x io 12 


318 


52 


3.5 x 10 12 


253 


41 


2.7 x 10 12 


80 


14 


8.7 xlO 11 
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[81] The above parameters are assigned in the above equations El to E3; thus, the peak 
power of the femtosecond laser pulses at a focal point is calculated. 

[82] First, a diameter at a focal point is calculated according to equation El, a result is 1 .5 
fim. A difference between femtosecond laser pulses and a Gaussian distribution in an optical 
intensity distribution in equation El is calculated by measuring an optical intensity 
distribution of femtosecond laser pulses with a power meter before femtosecond laser pulses 
pass through the condenser. 

[83] Next, a peak power of femtosecond laser pulses before the femtosecond laser pulses 
are focused is calculated according to equation E2. For an average output power of 
femtosecond laser pulses after the femtosecond laser pulses pass the condenser, the figures 
shown in TABLE 1 are used. Finally, the peak power of the femtosecond laser pulses at the 
focal point is calculated according to equation E3. These figures are shown in TABLE 2. 
[84] By doing this, an optical waveguide is formed by adjusting an average output power 
of femtosecond laser pulses which are incident to a condenser 4. A measurement light at the 
wavelength of 1550 nm is introduced to the formed optical waveguide An image of a 
near-field pattern of the measured guided light is taken by a CCD camera. A mode field 
diameter is calculated by the near-field pattern. Furthermore, an aspect ratio of the mode 
field diameter is calculated by the above mode field diameter. 

[85] Consequently, a relationship between the peak power of femtosecond laser pulses at 
the focal point, which is calculated by the above equations, and an aspect ratio of the mode 
field diameter, which is obtained by measuring the near-field pattern, is obtained. The 
relationship is shown in FIG. 3. 

[86] According to a graph shown in FIG. 3, it is understood as follows. First, there is a 

tendency in that an aspect ratio of the mode field diameter decreases as the peak power of the 

femtosecond laser pulses at the focal point decreases. The aspect ratio becomes 
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approximately 1 (one) when the peak power is 8.7 x 10 li W/cm 2 ; thus, a mode field is shaped 
in a circle. 

[87] Also, according to the graph, it is understood that it is possible to realize an 
elliptically-shaped mode field by setting the peak power to be greater than 8.7 x 10 11 W/cm 2 . 
According to this, it is possible to form an optical waveguide having an elliptically-shaped 
mode field by setting the peak power to be greater than 8.7 x 10 11 W/cm 2 . 
[88] It is commonly understood that ordinary plane light wave circuit devices cannot be 
used practically unless a polarization dependent loss is under 0.5 dB. It is commonly known 
that it is possible to reduce the polarization dependent loss to under 0.5 dB by setting the 
aspect ratio of the mode field diameter of an optical waveguide under 1.2. Therefore, 
according to a graph shown in FIG. 3, it can be understood that it is possible to set the aspect 
ratio of the mode field diameter in an optical waveguide under 1.2 by setting the peak power 
of the femtosecond laser pulses at the focal point under 5 x 10 12 W/cm 2 . 
[89] A processing machine shown in FIG. 1 is used, and femtosecond laser pulses at the 
wavelength of a 800 nm of center wavelength, a 200 kHz repetition rate, and a pulse width in 
a range of 150 to 600 fs is oscillated by a light source comprising femtosecond laser pulses 1. 
ND filters 2 having various transmission rate are inserted in an optical path of femtosecond 
laser pulses to attenuate the average output power of the femtosecond laser pulses. 
Attenuated femtosecond laser pulses are incident to a condenser 4 having a 0.5 numerical 
aperture. Oscillated femtosecond laser pulses are focused here and are incident to form a 
surface of a pure silica glass plate 5 having a 1 mm thickness to a 30 jim depth from the 
surface. 

[90] A three-dimensional precision stage 6, on which a pure silica glass plate 5 is mounted, 

is moved in the X direction at 30 ^im/s. By doing this, a position of a focal point is relatively 

moved; thus, an optical waveguide having a 25 mm length is formed. 
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[91] Under such a condition, as shown in the above example 2, a peak power of 
femtosecond laser pulses at the focal point is changed in a range of 8.7 x 10 u W/cm 2 to 8.7 x 
10 12 W/cm 2 . 

[92] By doing this, a pulse with of femtosecond laser pulses and a peak power of 
femtosecond laser pulses at the focal point are changed, and an aspect ratio of a mode field 
diameter of an optical waveguide is measured according to a similar method explained in the 
example 2. A result is shown in FIG. 4. 

[93] According to a graph shown in FIG. 4, it shows that there is a tendency of the aspect 
ratio of a mode field diameter to increase as the peak power increases. Also, it shows that 
there is a tendency of the aspect ratio of the mode field diameter to increase as the pulse 
width increases. Also, it is understood that an aspect ratio fluctuates more greatly in an area 
in which a peak power is larger than in the other area according to the fluctuation of the pulse 
width. 

[94] While preferred embodiments of the invention have been described and illustrated 
above, it should be understood that these are exemplary of the invention and are not to be 
considered as limiting. Additions, deletions, substitutions, and other modifications can be 
made without departing from the spirit or scope of the present invention. Accordingly, the 
invention is not to be considered as limited by the foregoing description but is only limited by 
the scope of the appended claims. 
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